Swinepox virus (SWPV) is the sole member of the Suipoxvirus genus, one of eight genera within the Chordopoxvirinae subfamily of the Poxviridae. It is responsible for swinepox, a disease that occurs worldwide and is associated with poor sanitation (18) .
Swinepox is most severe in young pigs (up to 4 months of age), where morbidity may approach 100% (18, 30) . Adults generally develop a mild, self-limiting form of the disease, with lesions in hairless skin areas that remain localized at the sites of entry (7, 18, 30) . In adults, macroscopic cutaneous lesions pass through the characteristic stages of poxviral lesions with a very short vesicular phase that usually does not exhibit fluid exudates (9, 18, 30) . SWPV infection in swine is characterized by slight fever and inflammation of local lymph nodes. Generalized infection and viremia are not observed (22) . The source and the reservoir of SWPV are infected swine (18) . Lice are considered the primary agents of transmission, but occasional horizontal transmission may occur through contact of nasal and oral secretions with skin abrasions (18) .
SWPV infects only swine. Of several mammalian and avian species tested, only rabbits produced a nonproductive infection after intradermal inoculation (8) . The host range specificity of SWPV and its ability to induce solid protective immunity have stimulated interest in using SWPV as a host range-restricted vaccine vector (14, 41, 45) .
Current molecular data describing the SWPV genome consist of restriction endonuclease analysis and limited DNA sequence analysis of the terminal regions (4, 12, 25, 26, 34) . Given the interest in developing more effective SWPV vaccines and expression vectors, we have sequenced and analyzed the genome of a pathogenic SWPV. These data provide a comprehensive view of the SWPV genome and further elucidate the relationship of SWPV to other chordopoxviruses (ChPVs). Furthermore, they define the gene complement that underlies the virulence and restricted host range of SWPV.
MATERIALS AND METHODS
SWPV DNA isolation, cloning, sequencing, and sequence analysis. SWPV genomic DNA was extracted from pig kidney cells infected with virus obtained from a pig litter congenitally infected during an outbreak of swinepox in Nebraska in 1999. These animals displayed foci of full-thickness epithelial necrosis distributed over the entire skin and tongue. Random DNA fragments were obtained by incomplete enzymatic digestion with Tsp509I endonuclease (New England Biolabs, Beverly, Mass.), and DNA fragments of 1.0 to 6.0 kbp were cloned and sequenced as previously described (2) . Reaction products were run on a PRISM 3700 automated DNA sequencer (PE Biosystems, Foster City, Calif.). Sequence data were assembled with the Phrap software program and gaps were closed as described previously (1, 11) , with confirmatory assemblies performed using CAP3 (19) . The final DNA consensus sequence represented on average eightfold redundancy at each base position.
Genome DNA composition, structure, repeats, and restriction enzyme patterns were analyzed as previously described (1) using the Genetics Computer Group version 10 software package (10) . Open reading frames (ORFs) longer than 30 codons were evaluated for coding potential as previously described (2) . All potentially coding ORFs and ORFs greater than 60 codons were evaluated by homology searches as previously described (1, 2) . Using these criteria, 150 ORFs were annotated as potential genes. Gene family regions were analyzed with Geanfammer (32) and promoters were analyzed with Genetics Computer Group MEME programs (10) , and annotation was as previously described (1, 2). The vaccinia virus (VV) A52R-like protein family was clustered from a nonredundant peptide database of all known poxvirus sequences using the CLUS program (23) and BLASTP2 scores of greater than 115. Phylogenetic comparisons were done with the PHYLO_WIN software package (15) .
Nucleotide sequence accession number. The SWPV genome sequence was assigned GenBank accession no. AF410153.
RESULTS AND DISCUSSION
Organization of the SWPV genome. SWPV genome sequences were assembled into a contiguous sequence of 146,454 bp, which agrees with a previous restriction enzyme-based size estimate of 148 to 150 kbp and previously published restriction enzyme maps (26) . Because the hairpin loops were not sequenced, the leftmost nucleotide was arbitrarily designated base 1. The nucleotide composition is 72.5% AϩT and is uniformly distributed. As found in other poxviruses, the SWPV genome contains a 139,023-bp central coding region bounded by two identical inverted terminal repeat (ITR) regions of 3.7 kbp (Fig. 1) . The most-terminal nucleotides of the assembled sequence contain a 34-bp perfect tandem repeat which is part of a 65-bp imperfect repeat. Based on these data and published restriction digests, we estimated that heterogeneity of termini containing repeats may account for an additional 200 to 1,200 bp (26) .
SWPV has a compact gene arrangement with almost no overlapping ORFs and no evidence of introns or large regions of noncoding DNA. SWPV contains 150 putative genes which encode proteins of 53 to 1,959 amino acids, of which 146 are poxvirus homologues ( Fig. 1 ; Table 1 ). The conserved central core (SPV021 to SPV125), which is colinear with VV F9L to A38L, contains 106 genes, most of which are involved in basic replicative functions. In terminal genomic regions, genes are oriented toward the ends, while in the central region, genes are oriented in both directions, often grouped in clusters with identical orientation. SWPV promoters resemble other ChPV promoters ( Table 1) . As is found in other poxviruses, many of Continued on following page the 30 putative early genes are members of gene families and putative host range genes, while the 45 genes containing the VV late promoter sequence (TAAATG) at the ATG codon (28) encode many of the conserved virion-associated poxviral proteins (Table 1) .
Gene families and duplicated genes with probable host range functions include those for extracellular enveloped virus proteins (EEV) (SPV119 and SPV120), ankyrins (SPV141, SPV142, SPV143, and SPV144), kelch-like proteins (SPV006, SPV015, and SPV136), A52-like proteins (SPV001, SPV007, (21) . SP, N-terminal signal peptide (Z score of Ͼ3.5 within 40 amino acids of the N terminus determined using the SIGCLEAVE computer program [ftp://ftp.ebi.ac.uk/pub/software/unix/EMBOSS/] [43] ).
e Putative promoters (E, early; I, intermediate; L, late) were identified as previously described (2) . f Best-matching ORF from the LSDV genome (accession no. AF325528). g Best-matching ORF from the YLDV genome (accession no. AJ293568). h Best-matching ORF from the MYX genome (accession no. AF170726). i Best-matching ORF from the VV Copenhagen genome (accession no. M35027), with the exception of the 8.9-kDa protein ‫)ء(‬ (accession no. P07608), which corresponds to the VV Ankara strain.
j Percentage of amino acid identity in the BLASTP2 analysis.
SPV133, SPV135, and SPV150), G protein-coupled receptors (SPV005 and SPV146), major histocompatibility complex (MHC) class I ␣ chain-like proteins (SPV003 and SPV148), and proteins of unknown function (SPV002, SPV004, SPV147, and SPV149). Nucleic acid biogenesis, virion structure, and virion assembly. SWPV contains most of the conserved poxviral genes involved in basic replicative functions, including 26 genes encoding RNA polymerase subunits; mRNA transcription initiation, elongation, and termination factors; and enzymes which direct posttranscriptional processing of viral mRNA (28) ( Table 1) . Also present in SWPV are seven ChPV homologues necessary for, or potentially involved in, DNA replication (SPV036, SPV074, SPV079, SPV080, SPV109, SPV130, and SPV137) (28) .
SWPV nucleotide metabolism genes are similar to those found in the capripoxviruses and leporipoxviruses, except for the addition in SWPV of the large subunit of ribonucleotide reductase (6, 42, 44) . These SWPV proteins potentially include homologues of thymidine kinase, dUTP pyrophosphatase, and a large and a small subunit of ribonucleotide reductase (Table  1) . Interestingly, the large subunit of ribonucleotide reductase is absent from lumpy skin disease virus (LSDV), myxoma virus (MYX), and rabbit fibroma virus (RFV), all of which are closely related viruses (Table 1 and Fig. 2) .
SWPV encodes 35 homologues of conserved poxviral structural proteins and those involved in virion morphogenesis and assembly (Table 1) . These include proteins present in the virion core; proteins present in the intracellular mature virus (IMV) and associated membranes; potential enzymes involved in protein modification, DNA packaging, and redox activity; and at least four VV proteins found in or associated with the release of EEV (Table 1) . SWPV, like LSDV, molluscum contagiosum virus, and fowlpox virus, lacks an obvious homologue of the VV IMV membrane protein D8L, a cell surface binding protein which is present in leporipoxviruses.
Host-related functions. SWPV contains genes which likely function in modulation or evasion of host immune responses, modulation or inhibition of host cell apoptosis, or aspects of cell or tissue tropism. Many potential SWPV host range genes are homologues to genes present in other poxviruses. However, SWPV does contain a unique complement of these genes which likely dictate specific host range properties.
Some SWPV proteins are potentially secreted and are likely involved in the disruption or modulation of host immune responses as indicated by their similarity to other secreted immunomodulators and by the presence of potential signal peptide sequences. These include homologues of the gamma interferon (IFN-␥) receptor (SPV008), IFN-␣/␤ binding protein (SPV132), and interleukin-18 (IL-18) binding protein (SPV011) ( Table 1) .
SWPV also contains predicted membrane-localized immunomodulatory proteins, including two homologues of G-protein coupled CC chemokine receptors (GPCR), and a CD47 homologue (6, 24, 25, 33) (Table 1) . SPV005 is a truncated form of a GPCR lacking the first extracellular domain, while SPV146 resembles the complete receptor. SPV003 and SPV148 resemble cellular MHC class I ␣ chain-like proteins, the molluscum contagiosum virus MC80R and yaba-like disease virus (YLDV) 2L gene products. These SWPV gene products have ␣1, -2, and -3 domains, one RGD motif, and three of the four cysteine residues required for formation of disulfide bonds. They differ from the MC80R gene product in that they lack the 50-amino-acid amino-terminal extension. SWPV MHC gene products also lack similarity to the transmembrane and cytoplasmic domains of cellular MHC homologues. In human and mouse cytomegaloviruses, another viral MHC homologue has been shown to interfere with NK cell-mediated clearance; however, the MC80R gene product appears to differ from herpesvirus homologues in the kinetics of complex formation and intracellular protein localization (36) . The apparent lack of similarities in protein domains suggests that SWPV MHC-like genes may have other functions. SPV009 is similar to the leukemia-associated protein domain (LAP) and plant homeobox domain (PHD) finger protein found in LSDV, YLDV, and leporipoxviruses. Similar proteins in gammaherpesviruses are known to down-regulate expression of cellular MHC and NK cell activation ligands (20, 31, 40) Several SWPV proteins may have intracellular immune modulation or immune evasion functions. These include homologues of VV double-stranded RNA-dependent protein kinase inhibitors (SPV010 and SPV032) which confer resistance to the antiviral effects of IFN (Table 1) . Poxviral serine proteinase inhibitors (serpins) are known to perform anti-inflammatory roles, and the single serpin encoded in SWPV (SPV145) is similar to LSDV 149, YLDV 149R, and MYX M151R (25) . Notably, SPV001, SPV007, SPV133, SPV135, and SPV150 are similar to members of the poxviral gene family which includes VV A52R (family 5 [38] ) (data not shown). Although the functions of most of these genes are not known, VV A52R has been shown to function as an antagonist for host cell IL-1 receptor (IL-1R) and Toll-like receptor-mediated intracellular signaling and IL-18R-mediated induction of NF-␤ activation (5) . The potential for IL-1 or Toll-like receptor inhibition by a family of SWPV proteins is significant considering the role of IL-1 or Toll-like receptor signaling in induction of innate immune and inflammatory responses (13) .
SWPV encodes homologues of several other poxviral proteins known to affect virus virulence, virus growth in specific cell types, and/or cellular apoptotic responses (Table 1) . These include homologues of VV C7L host range (SPV064) and A14.5L virulence (SPV103) proteins, the MYX M011L apoptosis regulator protein (SPV012), a serpin homologue (SPV145), and RFV N1R (ectromelia virus p28 host range factor) (SPV138). SWPV also encodes four proteins containing ankyrin motifs (SPV141 to SPV144) ( Table 1) . Poxviral ankyrin genes have been associated with host range functions in MYX, cowpox virus, and VV and may inhibit virally induced apoptosis (16, 29, 39) . It has been suggested that specific complements of ankyrin genes dictate poxvirus host range, and the same is probably true for SWPV (3, 37) . SWPV has homologues of poxvirus genes resembling those for cellular enzymes (Table 1) . SPV128, SPV129, and SPV140 resemble hydroxysteroid dehydrogenase, copper-zinc superoxide dismutase, and tyrosine protein kinase, respectively. SWPV encodes several homologues of poxvirus proteins of unknown function, including the VV 8.9-kDa protein (SPV090), which interacts with VV morphogenesis proteins, and the variola virus (VAR) B22R putative membrane protein (SPV131) ( Table 1) (27) . SPV006, SPV015, and SPV136 are similar the Drosophila kelch protein and other poxvirus kelchlike proteins (Table 1) . SPV018, SPV019, and SPV020 lack homology to other known genes.
Comparison of SWPV to other ChPVs. SWPV is very similar to other ChPVs in overall genome structure and composition, as indicated by the presence of a central conserved core of 106 genes surrounded by regions containing many genes with apparent host range functions and the ITRs. The SWPV genome is highly colinear with the genomes of other ChPVs (Table 1) (2, 17, 35, 44) . In comparison with VV, eight genes are absent in the SWPV central core. These include homologues of E11L (virion component), D8L (similar to carbonic anhydrase), A25L and A26L (A-type inclusion proteins), O2L (glutaredoxin), A31R, E5R, and E7R. A homologue of VV gene C7L (SPV064), which is believed to encode a host range factor, has been inserted between SPV063 and SPV065 (J2R and J3R homologues). Colinearity decreases toward the genome ends and disappears at the ITR. The SWPV left and right noncolinear regions contain only 44 genes and lack most VV gene homologues found in HindIII restriction fragments B, C, K, N, M, and F.
Gene colinearity is most conserved compared to LSDV, YLDV, and the leporipoxviruses (Table 1) . SWPV overall amino acid identity is highest to proteins of LSDV (60% average), followed by those of YLDV (57%) and the leporipoxviruses (57%). Phylogenetic analysis of all of the SWPV genes located in the conserved central region indicates a close relationship among suipoxviruses (SWPV), capripoxviruses (LSDV), leporipoxviruses (MYX and RFV), and yatapoxviruses (Yaba monkey tumor virus [YMTV] ) and a clear separation of these from other vertebrate poxvirus genera (orthopoxviruses, avipoxviruses, and molluscipoxviruses) (Fig. 2 and data not shown). These four genera also share genomic features which are different from those of orthopoxviruses, molluscipoxviruses, and avipoxviruses. Most notable is the absence of VV homologues A25L, A26L, and A31R and the insertion of one to three copies of the VV C7L homologue between J2R and J3R.
The terminal genomic regions of SWPV encode many proteins with probable functions involving host range, virulence, and immune modulation. At the amino acid level, many of these SWPV proteins are less similar to other poxvirus homologues than are viral proteins encoded in the conserved central core region. Two SWPV proteins located in terminal regions (SPV005 and SPV146) are most similar to cellular proteins (Table 1) . Although closely related, SWPV contains eight genes that are absent in LSDV, including those for MHC class I proteins (two copies), ribonucleotide reductase (large subunit), hydroxysteroid dehydrogenase, and an M013L homologue and the unique SWPV genes SPV018, SPV019, and SPV020. In contrast, 13 genes present in LSDV are absent in SWPV, including those for epidermal-like growth factor, IL-10, IL-1R, VV C4/C10 like protein, endoplasmic reticulum (ER)-localized apoptosis regulator, immunoglobulin domain Ox-2 like homologue, VV E5R, E11L, K4L, F8L, and N1L and the novel LSDV genes LSDV026 and LSDV161. The absence of these genes from SWPV may explain the relatively reduced virulence and narrow host range of this virus.
Conclusions. The genome sequence of SWPV has been determined. The high degree of similarity in genomic organization, gene content, and amino acid composition to viruses from the Suipoxvirus, Capripoxvirus, Yatapoxvirus, and Leporipoxvirus genera indicates a close structural and functional relationship among these genera. Although the highest conservation occurs in genes involved in basic replicative functions, including mRNA biogenesis, DNA replication, and virion structure and assembly, significant similarities exist among genes performing other functions. A unique complement of SWPV genes in the terminal genomic regions likely function in virulence, host range, and immune evasion. The relative paucity of SWPV genes with known host range function in other poxviruses may be responsible for the low pathogenicity of this virus in swine and for its narrow host range. An improved understanding of SWPV-host interactions will permit the engineering of novel vaccine viruses and expression vectors with enhanced efficacy and greater versatility.
